e long-term behaviour of geosynthetics applied in coastal engineering structures can be adversely affected by many agents. is paper studies the resistance of a nonwoven polypropylene geotextile against some degradation agents present in marine environments and evaluates the existence of interactions between them. For that purpose, the geotextile was exposed to some laboratory degradation tests: immersion tests (in seawater, deionised water, and sodium chloride 35 g·L −1 ), thermooxidation, and artificial weathering. e geotextile was (1) exposed separately to each degradation test and (2) exposed successively to combinations of two or three degradation tests. e damage caused by the degradation tests was evaluated by monitoring the tensile properties of the geotextile. Based on the changes occurred in tensile strength, reduction factors were determined. e reduction factors obtained directly in the multiple exposures were compared with those obtained by the traditional methodology for the combined effect of the degradation agents. e results, among other findings, showed the existence of relevant interactions between the degradation agents and showed that the reduction factors obtained by the traditional methodology were unable to represent accurately (by underestimating) the degradation occurred in the geotextile.
Introduction
Geosynthetics are polymeric materials that can be used in the construction of many coastal engineering structures, such as breakwaters, dykes, groynes, seawalls, jetties, artificial reefs, or revetments [1, 2] . e advantages of using these materials are the ease of installation (and future removal, if necessary), high versatility and efficiency, low cost, and low environmental impact. e functions of geosynthetics in coastal engineering structures include filtration, drainage, separation, reinforcement, containment, or erosion control [1, 2] . e geotextiles (one of the main groups of geosynthetics) are typically used in coastal engineering structures as filters and for manufacturing sand-filled elements (called geosystems), like geobags, geotubes, or geocontainers. Pilarczyk [1] and Bezuijen and Vastenburg [2] provide an extensive description of the available knowledge about geosynthetics in coastal engineering.
In marine environments, the geosynthetics can be in contact with many degradation agents capable of causing unwanted changes in their properties, affecting their performance. e most common degradation agents in these environments include seawater, oxygen, solar radiation and other weathering agents, biological agents, and the action of waves, currents, and tides [3] [4] [5] .
e geosynthetics may also suffer mechanical damage during the installation process, where in some cases they are subjected to higher stresses than during service [6] .
Polypropylene (PP) (a polymer mostly used for the production of geotextiles) has a good resistance against many liquids (including seawater [7] ) and biological degradation. However, its resistance against oxidation is substantially lower [8, 9] . e oxidation process of PP follows a chain reaction mechanism formed by three main steps: initiation, propagation, and termination. e initiation step consists in the formation of free radicals (R•) (Reaction (1)) mainly by the action of temperature (thermooxidation) or by the action of ultraviolet (UV) radiation (photooxidation).
e free radicals R• promptly react with oxygen (O 2 ), forming peroxide radicals (ROO•) (Reaction (2) ). e radicals ROO• then extract hydrogen atoms from surrounding polymers, forming hydroperoxides (ROOH) and more free radicals R• (Reaction (3) ). e free radicals R• can react again according to Reaction (2) , propagating degradation. e hydroperoxides ROOH are very unstable, being easily converted into the free radicals RO•, ROO•, and •OH (Reactions (4) and (5)), which can also extract hydrogen atoms from surrounding polymers and propagate degradation [8] [9] [10] .
RH(polymer)
+ energy Heat UV radiation ⟶ R•
(1)
ROOH ⟶ RO• + •OH (4)
e oxidation process (autooxidative mechanism) will continue until all free radicals are transformed into nonreactive compounds (e.g., by reacting between them or by the action of chemical stabilisers) [8] [9] [10] . e occurrence of oxidation of PP products is practically unavoidable. However, in the absence of UV radiation, the oxidation process of PP is relatively slow at ambient temperatures (but cannot be neglected when considering products for long-term use) [11] .
In many coastal engineering applications, the geosynthetics are only exposed to UV radiation during installation (usually a short period of time), being subsequently covered by sand, by other construction materials or by seawater. However, there are cases (like geobags, geotubes, or geocontainers used in groynes or breakwaters) where the geosynthetics can be exposed for longer periods of time. In addition, unpredictable UV exposure may also occur (e.g., due to the removal of sand by the action of the waves in buried structures) [7] . e damage caused by photooxidation (e.g., reduction in mechanical strength) can be retarded by adding chemical additives (like antioxidants or UV stabilisers) to the geosynthetics [9, [12] [13] [14] .
e long-term behaviour of the geosynthetics is normally predicted based on data obtained from laboratory tests (degradation under accelerated conditions) [15] [16] [17] [18] . In addition, their resistance against degradation can also be evaluated by field tests (degradation under natural conditions) [5, 7, 14] . e damage occurred in geotextiles during the degradation tests is often determined by monitoring changes in their tensile behaviour (in accordance with the recommendations of EN 12226 [19] ). e changes occurred in other properties (puncture properties [5, 14] , physical properties [7] , or hydraulic properties [20] ) and other techniques (like scanning electron microscopy [13, 14, 21] , infrared spectroscopy [22, 23] , or liquid chromatography [23, 24] ) can also be used for damage evaluation.
When designing with geosynthetics, reduction factors (RFs) are often introduced to account for the degradation that occurs over time. Each reduction factor normally represents a decrease in resistance (known or estimated) due to the action of one, or more, degradation agent. For example, for reinforcement applications, the tensile strength (T) of the geosynthetics is typically affected by a set of partial reduction factors accounting for the effects of installation damage (RF ID ), creep (RF C ), weathering (RF W ), chemical and biological agents (RF CB ), and a factor of safety (f s ) (6) [25, 26] .
e use of (6) enables the determination of the design tensile strength (T D ):
e actual design methods, the standards available for degradation tests of geosynthetics (e.g., [15] [16] [17] [18] ), and most studies available in literature consider the isolated action of the degradation agents, not accounting for possible interactions between them. However, the combined effect of the degradation agents can be different (more severe) from the sum of their isolated actions [27] [28] [29] . For example, Carneiro et al. [27] showed the existence of interactions between chemical agents in the degradation of a PP geotextile. Interactions have also been found between mechanical degradation agents of geosynthetics [28] [29] [30] . e existence of such interactions can lead to inaccurate global reduction factors (used in the design), which are traditionally obtained by multiplying relevant partial reduction factors (each determined in isolation).
is work studies the resistance of a PP geotextile against some degradation agents present in marine environments. For that purpose, laboratory degradation tests were carried out to evaluate the resistance of the geotextile against seawater, thermooxidation, and weathering and to identify interactions between the previous agents. e main goals of the work included (1) determination of the effect of the degradation agents in the tensile properties of the geotextile, (2) identification of interactions between the degradation agents, and (3) comparison of the reduction factors obtained by the traditional methodology (determination of the reduction factors in isolation for each degradation agent and further multiplication) and by an alternative approach (successive exposure) for the combined effect of the degradation agents.
Materials and Methods

Geotextile.
is work studied a nonwoven needlepunched geotextile made from PP fibres stabilised with 0.2% (percentage in weight) of the additive Chimassorb 944-a UV stabiliser belonging to the HALS (hindered amine light stabilisers) family. e PP fibres had a linear mass of 8 denier, a length of 75 mm, and a diameter of about 30-40 μm.
e main physical, mechanical, and hydraulic properties of the geotextile can be found in Table 1 .
e sampling process (for the characterisation and degradation tests) was carried out according to EN ISO 9862 [37] ).
e specimens (machine direction of production) were collected from positions evenly distributed over the full width and length of the geotextile (supplied in a roll), but not closer than 100 mm to the edges. e specimens for the same characterisation or degradation tests (5 specimens for each test) were taken from different longitudinal and transverse positions of the roll. e specimens were 50 mm wide and 400 mm long (number and dimensions according to EN 12226 [19] ).
Degradation
Tests. First, the geotextile was exposed separately to some laboratory degradation tests (single exposure): immersions in liquids, thermooxidation, and artificial weathering (description of the tests in the following points).
en, the geotextile was exposed consecutively (multiple exposure) to some combinations of two or three of the previous degradation tests. Table 2 summarizes the degradation tests performed.
Immersion Tests.
e geotextile was immersed, at room temperature (about 20°C), in seawater (collected directly from the sea and used without any treatment), in deionised water (H 2 O), and in an aqueous solution of sodium chloride (NaCl) (concentration of 35 g·L
−1
). e concentration of the solution of sodium chloride intended to simulate the amount of salts (mostly, but not entirely, sodium chloride) existent in seawater is typically 35 g·L . e immersion tests were carried out in the dark and had a duration of 12 months. e specimens that were subsequently exposed to thermooxidation or artificial weathering (multiple exposures) were not washed after the immersion tests (in order to be contaminated with remains of the immersion solutions) and were dried at room temperature in the absence of light.
e subsequent degradation tests were carried out in a short period of time (a few days or weeks) after the drying process.
2.2.2.
ermooxidation Tests. e thermooxidation tests consisted in exposing the geotextile at 110°C during 56 days.
ese tests were carried out in an oven (Heraeus Instruments, model T6120) with a normal oxygen atmosphere (21% of O 2 ) and without forced air circulation. With exception for the higher exposure time, the thermooxidation tests were carried out according to method A of EN ISO 13438 [17] . According to this standard, the resistance of PP geotextiles against thermooxidation can be evaluated by exposing the materials at 110°C during 14 days (method A1-for all applications, except reinforcement) or during 28 days (method A2-for reinforcement applications). e increase of the exposure time to 56 days was intended to harshen the degradation conditions and thereby enhance the effects of thermooxidation.
Artificial Weathering Tests.
e artificial weathering tests (alternated exposure to UV radiation, water spray, and condensation) were performed in a laboratory weatherometer (Q-Panel Lab Products, model QUV/spray). e geotextile was exposed during 500 hours to the following weathering cycle:
Step 1: Exposure to UV radiation (6 hours, 60°C)
Step 2: Water spray (10 minutes, water at room temperature)
Step 3: Condensation (2 hours, 45°C) (Return to Step 1) e UV radiation was provided by fluorescent UV lamps (type UVA-340). e water spray (flow of 5 L·min ) causes a fast decrease in temperature (from 60°C to about 24°C) and can promote some surface erosion. e water used in the spray step was treated microbiologically and purified by reverse osmosis, followed by deionisation on ionic exchange columns. In the condensation step, the water (from the public supply network) existent in a reservoir located at the bottom of the weatherometer was heated to produce vapour that condensates (distilled water) at the surface of the exposed specimens. During the 500 test-hours, the geotextile was exposed to about 61 weathering cycles (each cycle had 8 hours and 10 minutes). e irradiance during the UV-exposure step (total duration of about 367 hours) was 0.68 W·m −2 at 340 nm. e total UV radiant exposure (between 290 and 400 nm) was 51.8 MJ·m 
Evaluation of the Damage Suffered by the Geotextile.
e damage suffered by the geotextile (during the degradation tests) was evaluated by tensile tests according to EN 29073-3 [33] (the method specified in EN 12226 [19] for determining the changes in the tensile properties of aged nonwoven geotextiles). ese tests (velocity of 100 mm·min
) were carried out in an equipment from Lloyd Instruments (model LR 50K) equipped with a load cell of 5 kN (from Lloyd Instruments). Each tensile test included the analysis of 5 specimens (in the machine direction of production) with a length of 200 mm (between grips) and a width of 50 mm.
e mechanical parameters obtained in the tensile tests included tensile strength (T in kN·m −1 ) and elongation at the maximum load (E ML in %). Elongation was determined by expressing the relative displacement of the grips as a percentage of the original length (200 mm) (as specified in EN 29073-3 [33] ). e results obtained for tensile strength and elongation at the maximum load are presented with 95% confidence intervals determined according to the following Montgomery and Runger [38] equation:
Where μ is the population mean, x is the sample mean, t is Student's t-distribution value for the confidence level α and n − 1 degrees of freedom, n is the number of specimens tested for each sample, and s is the sample standard deviation. e changes occurred in tensile strength are also presented in terms of retained tensile strength (T residual in %), obtained in accordance with EN 12226 [19] by dividing the tensile strength of the samples exposed to the degradation tests (T damaged ) by the tensile strength of unexposed samples (T reference ):
Determination of Reduction Factors. Reduction factors
were determined based on the changes occurred (during the degradation tests) in the tensile strength of the geotextile. Each reduction factor represents a reduction in resistance provoked by the degradation tests (single or multiple exposures). e reduction factors were determined by the following equation:
where T reference and T damaged correspond, respectively, to the tensile strength of the geotextile before and after the degradation tests.
e reduction factors obtained by the traditional methodology for the combined effect of two (or more) degradation agents (RF agents A+B trad ) (agents denominated generically by "A" and "B") were determined by multiplying the reductions factors obtained individually for each degradation agent (RF agent A and RF agent B , resp.):
e reduction factors determined in this work correspond to particular degradation conditions and cannot be generalized or applied directly in the design (their determination was intended for allowing a better analysis and understanding of the results). For being used in the design, the reduction factors must be analysed case by case, having into account the specific conditions of the constructions. Moreover, it is necessary to determine if the conditions imposed in the degradation tests effectively represent the expected field degradation conditions.
Results and Discussion
Exposure to One Degradation Test (Single Exposure).
e immersion tests did not cause relevant changes in the tensile strength and elongation at the maximum load of the geotextile (Table 3 ). e minor variations observed in tensile strength (retained tensile strengths between 96.3% and 100.7%) and elongation at the maximum load may be attributed to the heterogeneity of the geotextile. Indeed, the nonwoven geotextiles typically have some heterogeneity (arising from their manufacturing process), which can be responsible for small differences between properties determined in consecutive repetitions of a characterisation test.
e tensile properties of the geotextile were significantly more affected by the thermooxidation and artificial weathering tests than by the immersion tests (Table 3) . Despite the inexistence of a considerable reduction in tensile strength (retained tensile strength of 92.6%), the exposure to thermooxidation led to a pronounced decrease in elongation at the maximum load (reduction from 71.6% to 53.3%). e artificial weathering test caused even higher reductions in the tensile strength (retained tensile strength of 46.6%) and elongation at the maximum load (reduction from 71.6% to 34.4%) of the geotextile. 4 Advances in Materials Science and Engineering e mean curves "tensile force-elongation" obtained for the geotextile before and after the thermooxidation and arti cial weathering tests can be found in Figure 1 . e analysis of those curves showed that, besides the changes in tensile strength and elongation at the maximum load, the exposure to thermooxidation also led to an increase in the sti ness of the geotextile.
is increase in sti ness (and the reduction in elongation at the maximum load) may be related with the occurrence of some shrinkage (about 2.5%) in the geotextile during the exposure to thermooxidation, which caused a decrease in the deformability of the nonwoven structure. Contrarily to the thermooxidation test, the exposure to articial weathering did not cause an increase in the sti ness of the geotextile (at lower elongations, the mean curves "tensile force-elongation" were practically coincident before and after arti cial weathering). It is worthy to mention that the mean curves "tensile force-elongation" obtained after the immersion tests were omitted from Figure 1 for simpli cation purposes (those curves were much coincident with the curve presented for the unexposed sample, con rming the inexistence of relevant changes in the tensile behaviour of the geotextile).
e PP geotextile presented a good resistance against the e ects of seawater and hydrolysis.
e damage occurred during the arti cial weathering tests (considerable deterioration of the tensile properties of the geotextile) can be mainly attributed to the e ects of UV radiation (it is well known that UV radiation is one of the main degradation agents of PP products). e presence of a small amount of the HALS-type UV stabiliser (only 0.2%, percentage in weight) resulted in a substantial increase of the resistance of the PP geotextile against the e ects of thermooxidation and UV radiation. Indeed, in the absence of the additive, the geotextile would be totally destructed (tensile strength reduced to zero) after the thermooxidation and arti cial weathering tests [11] . Table 4 ). In addition, a decrease also occurred in elongation at the maximum load (reduction higher than that observed after the single exposure to thermooxidation). e mean curve "tensile force-elongation" obtained after the successive exposure to seawater and thermooxidation can be seen in Figure 1 . Besides the changes in the tensile properties reported above, an increase in sti ness was also observed (like before, the occurrence of some shrinkage in the geotextile during the thermooxidation test may have contributed for this increase).
Exposure to Consecutive Degradation
e deterioration of tensile strength in the successive exposure to seawater and thermooxidation shows that two agents that individually did not cause relevant damage to the geotextile (retained tensile strengths of 98.3% and 92.6%, resp., after the single exposure degradation tests), together led to some degradation.
erefore, the interactions that may occur between the di erent degradation agents must not be neglected when accessing the durability of geotextiles. e reduction observed in tensile strength may have some possible explanations: (1) the remains of seawater accelerated the oxidation process, (2) occurrence of losses of the HALS-type UV stabiliser during the immersion in seawater, leaving the geotextile less protected against oxidation (as previously mentioned, the oxidative resistance of PP geotextiles can be highly enhanced by the presence of Chimassorb 944 [11] ), and (3) the remains of seawater could have prevented the HALS-type UV stabiliser from performing e ciently its protective function against thermooxidation. In order to try to explain the reduction in tensile strength observed after the successive exposure to seawater and thermooxidation, two other combinations of degradation tests were performed: (1) immersion in deionised water followed by thermooxidation and (2) immersion in sodium chloride 35 g·L −1 followed by thermooxidation. e tensile strength (after the thermooxidation tests) of the sample previously immersed in water was similar to the tensile strength of the sample without immersion (retained tensile strengths of 93.9% and 92.6%, resp.) (Table 4) . Similarly to tensile strength, elongation at the maximum load also had no relevant di erences (54.2% and 53.3%, resp.). Moreover, the mean curve "tensile force-elongation" obtained after the successive exposure to water and thermooxidation was much coincident with the curve presented 
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in Figure 1 for the single exposure to thermooxidation. is way, the thermooxidative resistance of the geotextile was not affected by the previous immersion in water.
Contrarily to what happened with water, the immersion in sodium chloride 35 g·L −1 led to a reduction of the resistance of the geotextile against thermooxidation (Table 4) . Indeed, the successive immersion in sodium chloride 35 g·L −1 and thermooxidation provoked relevant decreases in the tensile strength (retained tensile strength of 58.2%) and elongation at the maximum load (from 71.6% to 34.2%) of the geotextile. e reduction occurred in tensile strength was even more pronounced than that observed in the successive exposure to seawater and thermooxidation (reductions of 41.8% and 30.3%, resp.). e sample previously immersed in sodium chloride 35 g·L −1 also suffered an increase in stiffness after the thermooxidation tests. With the obvious differences due to lower tensile strength and elongation at the maximum load, the mean curve "tensile force-elongation" obtained after the successive immersion in sodium chloride 35 g·L −1 and thermooxidation was relatively similar to the curve obtained after the multiple exposure to seawater and thermooxidation and therefore is not presented in Figure 1 .
e only difference between the solution of sodium chloride 35 g·L −1 and water was the presence, or not, of the salt. is way, and having into account that the immersion in water did not cause a decrease in the resistance of the geotextile against thermooxidation, the damage occurred after the successive immersion in sodium chloride 35 g·L
and thermooxidation can only be ascribed to the presence of sodium chloride. It is worthy to remember that the concentration of sodium chloride was intended to simulate the typical amount of salts (mostly sodium chloride) existent in seawater.
Within the previous hypotheses for explaining the reduction of the thermooxidative resistance of the geotextile caused by seawater, the influence of sodium chloride in the oxidation process (probably by acting as a catalyst) is the most probable one. e inexistence of any interaction between water and thermooxidation helps to support that sodium chloride had a relevant role in the degradation occurred in the multiple exposures to (1) seawater and thermooxidation and (2) sodium chloride 35 g·L −1 and thermooxidation.
e occurrence of significant losses of the HALS-type UV stabiliser during the immersion in sodium chloride 35 g·L −1 and seawater is unlikely. Indeed, there were no evidences of losses of the additive in the immersion in water (the geotextile had a good resistance against the multiple exposure to water and thermooxidation), and there are no reasons to presume that the additional presence of sodium chloride (and other salts in the case of seawater) could have promoted such losses.
Regarding the third hypothesis, no information was found in literature about the possible interaction between sodium chloride and the HALS-type UV stabiliser. e results obtained in this work indicate that sodium chloride had some influence in the thermooxidative degradation of the geotextile. However, further studies are needed to undoubtedly clarify the reasons for the interactions found in the multiple exposures to (1) seawater and thermooxidation and (2) sodium chloride 35 g·L −1 and thermooxidation. ese studies are mainly related with polymer chemistry, falling outside the area of civil engineering.
Immersion Tests Followed by Artificial Weathering.
e successive immersion in seawater and artificial weathering caused a considerable decrease in the tensile strength of the geotextile (reduction of 76.5%) ( Table 4) . is decrease was higher than the decrease that occurred after the single exposure to artificial weathering (reduction of 53.4%).
e elongation at the maximum load (after the artificial weathering tests) was also lower for the sample previously immersed in seawater than for the sample without immersion (reductions from 71.6% to 24.0% and 34.4%, resp.). When compared with the unexposed sample or with the sample exposed uniquely to artificial weathering, the stiffness of the geotextile suffered a relevant decrease for elongations higher than 5% (Figure 1) .
Having into account that the immersion in seawater (single exposure) had no relevant influence in the tensile properties of the geotextile, the degradation occurred in the multiple exposure to seawater and artificial weathering was higher than the sum of the individual effects of both single exposures. is way, and similarly to what happened with thermooxidation, an interaction also occurred between seawater and artificial weathering.
e hypotheses for explaining the interaction found between seawater and artificial weathering are the same as previously mentioned for the interaction observed between seawater and thermooxidation. As before, two more combinations of degradation tests were considered: (1) immersion in water followed by artificial weathering and (2) immersion in sodium chloride 35 g·L −1 followed by artificial weathering.
e immersion in water did not provoke a reduction of the weathering resistance of the geotextile (Table 4) . Indeed, the sample previously immersed in water and the sample without immersion (exposed only to artificial weathering) had similar tensile properties after artificial weathering (retained tensile strengths of 46.2% and 46.6%, resp.). Moreover, the mean curve "tensile force-elongation" obtained after the successive exposure to water and artificial weathering was practically coincident with the curve obtained after the single exposure to artificial weathering (presented in Figure 1) . erefore, as the resistance against thermooxidation, the weathering resistance of the geotextile was not affected by the previous immersion in water.
Similarly to what happened when combined with thermooxidation, the immersion in sodium chloride 35 g·L −1 also led to a reduction of the resistance of the geotextile against artificial weathering (Table 4) . However, the reduction occurred in tensile strength after the successive exposure to sodium chloride 35 g·L −1 , and artificial weathering (decrease of 62.0%) was significantly lower than the reduction observed after the successive exposure to seawater and artificial weathering (reduction of 76.5%).
Despite being a lower reduction, this indicates the existence of some e ect of sodium chloride in the degradation process of the geotextile by arti cial weathering.
e main degradation mechanism during arti cial weathering was photooxidation and, as for thermooxidation, the in uence of sodium chloride in the oxidative process (by acting as a catalyst) is the most likely hypothesis for explaining the higher degradation of the geotextile. e occurrence of signi cant losses of the HALS-type UV stabiliser during the immersion tests is unlikely (as discussed before in Section 3.2.1), and no data were found in the literature about possible interactions between sodium chloride and Chimassorb 944. Like for the interactions with thermooxidation, additional studies (mainly related with polymer chemistry) are needed to explain the e ect of sodium chloride in the weathering process of the geotextile.
Arti cial Weathering Followed by ermooxidation.
e multiple exposure to arti cial weathering and thermooxidation induced a decrease in tensile strength identical to the single exposure to arti cial weathering (retained tensile strengths of 46.2% and 46.6%, resp.) (Table 4) . Similarly to what happened for tensile strength, there were also no relevant di erences in elongation at the maximum load (31.9% and 34.4%, resp.). In addition, the mean curves "tensile force-elongation" obtained after the multiple exposure to arti cial weathering and thermooxidation and after the single exposure to arti cial weathering were almost coincident (for simpli cation purposes, the curve obtained after the multiple exposure is not represented in Figure 1) .
is showed that the subsequent thermooxidation test (after arti cial weathering) did not cause additional damage to the geotextile (no interaction was found between arti cial weathering and thermooxidation).
Successive Exposure to Seawater, Arti cial Weathering, and ermooxidation.
e successive exposure to seawater, arti cial weathering, and thermooxidation provoked the most pronounced changes in the tensile properties of the geotextile (reduction of 79.2% in tensile strength and reduction of elongation at the maximum load from 71.6% to 21.2%) ( Table 4) , showing the existence of extensive damage in the nonwoven structure. With the di erence due to lower tensile strength and elongation at the maximum load, the mean curve "tensile force-elongation" obtained after the multiple exposure to seawater, arti cial weathering, and thermooxidation was relatively similar to the curve obtained after the multiple exposure to seawater and arti cial weathering (no relevant changes were found in sti ness for elongations up to about 20%) (Figure 1) . When compared to the single exposures to seawater, arti cial weathering, and thermooxidation, the sti ness of the geotextile su ered a considerable decrease for elongations higher than about 5%.
e presence of the additional thermooxidation test (when compared to the multiple exposure to seawater and arti cial weathering) resulted in a slightly higher deterioration of the tensile properties of the geotextile. Since no interactions were found between arti cial weathering and thermooxidation (Section 3.2.3), the further deterioration of the geotextile may be due to traces of sodium chloride (from seawater) that could still be present after the multiple exposure to seawater and arti cial weathering (Section 3.2.1 showed the existence of an interaction between sodium chloride and thermooxidation; the possible reasons for such interaction have already been discussed before).
Reduction Factors.
e reduction factors obtained in the successive exposures to two or three degradation agents were compared with the reduction factors determined by the traditional methodology for the combined e ect of those agents (determination of reduction factors in separate for each agent and further multiplication) (Figure 2 ). e reduction factors obtained directly from the single and multiple exposures carried out in this work can be found in Tables 3 and 4, respectively. e reduction factor determined by the traditional methodology for the combined e ect of arti cial weathering and thermooxidation was similar (slightly higher) to that obtained in the successive exposure to both degradation agents (reduction factors of 2.31 and 2.17, resp.) (Figure 2 ). In this case, the traditional methodology provided a good approach to estimate the deterioration occurred in the tensile strength of the geotextile due to the combined e ect of arti cial weathering and thermooxidation (it is worthy to remember that no interaction was found between these degradation agents).
e reduction factors obtained in the successive exposures to (1) immersion in seawater and thermooxidation, (2) immersion in sodium chloride 35 g·L −1 and thermooxidation, (3) immersion in seawater and arti cial weathering, and (4) immersion in sodium chloride 35 g·L −1 and arti cial weathering were higher than those obtained by the traditional methodology for the combined e ect of those degradation agents (Figure 2 ). For example, the reduction factor obtained in the successive immersion in seawater and arti cial weathering (4.26) was about 2-times higher than the reduction factor (2.18) determined by multiplying the reduction factors obtained in the single exposures to seawater and to artificial weathering (1.02 and 2.14, resp.). e previous results indicate that the reduction factors provided by the traditional methodology were unable to represent correctly (by underestimating) the combined effect of the degradation agents. e differences found between the reduction factors (determined by the traditional methodology or obtained directly in the successive exposure to the degradation agents) can be explained by the interactions occurred between the degradation agents (which the traditional methodology is not being able to account for).
Similarly to the previous combinations of two degradation agents, the reduction factor obtained by the traditional methodology for the combined effect of three degradation agents (seawater, artificial weathering, and thermooxidation) was much lower (less than half) than the reduction factor obtained in the successive exposure to the agents (reduction factors of 2.36 and 4.94, resp.) ( Figure 2 ). Once again, the reduction factors obtained by the traditional methodology underestimated the degradation caused by the combined effect of the degradation agents. e reduction factors determined by the traditional methodology were lower than those obtained directly in the successive exposures to the degradation agents (exception for the combined effect of artificial weathering and thermooxidation, where no interactions were found between the agents). is showed that the multiplication of the reduction factors (each representing the isolated effect of a degradation agent) may not represent with accuracy the combined effect of the agents.
Conclusions
e damage (deterioration of tensile properties) suffered by a nonwoven PP geotextile in the successive exposure to degradation agents present in marine environments tended to be much different (higher) from the sum of the individual effects of those agents, showing the existence of interactions between them. Relevant interactions were found between (1) immersion in seawater and thermooxidation, (2) immersion in sodium chloride 35 g·L −1 and thermooxidation, (3) immersion in seawater and artificial weathering, (4) immersion in sodium chloride 35 g·L −1 and artificial weathering, and (5) immersion in seawater followed by artificial weathering and then by thermooxidation.
Some hypotheses have been advanced for trying to explain the interactions found between the degradation agents.
e results showed that sodium chloride had a key influence in the thermo-or photooxidative process of the geotextile, probably by acting as a catalyst. However, further studies (mainly related with polymer chemistry) are needed to undoubtedly clarify the reasons for the interactions found in this work.
e identification and quantification of interactions between the different degradation agents is important to understand and predict the behaviour of the geotextiles under real conditions (where the agents rarely act in isolation). Recognizing such interactions can help understanding the degradation process of the materials and may enable the development of strategies for enhancing their durability and improving their performance.
e reduction factors obtained directly in the multiple exposures to the degradation agents tended to be different from those calculated by the traditional methodology (determination of reduction factors in separate for each agent and further multiplication) for the combined effect of those agents.
e traditional methodology was unable to represent accurately (underestimating) the damage caused by the combined effect of the degradation agents, being incapable of accounting for the interactions occurred between the agents. e most relevant examples of this occurred (1) in the successive immersion in seawater and artificial weathering and (2) in the successive immersion in seawater, followed by artificial weathering and then by thermooxidation. In both cases, the reduction factors obtained by the traditional methodology were much lower (about half) than those obtained directly in the successive exposures to the degradation agents.
e definition of reliable reduction factors (having into consideration the interactions that may occur between the degradation agents) can contribute for a better application of geosynthetics. Indeed, the definition of accurate reduction factors allows a better design and provides a higher guarantee of durability.
Finally, it is worthy to remember that the reduction factors presented in this work correspond to particular degradation conditions and cannot be generalized or applied directly in the design. No studies were carried out in order to find the relation between field conditions and the degradation conditions imposed to the geotextile.
